Metastatic disease is the primary cause of death in cutaneous malignant melanoma (CMM) patients. To understand the mechanisms of CMM metastasis and identify potential predictive markers, we analyzed gene-expression profiles of 34 vertical growth phase melanoma cases using cDNA microarrays. All patients had a minimum follow-up of 36 months. Twenty-one cases developed nodal metastatic disease and 13 did not. Comparison of gene expression profiling of metastatic and nonmetastatic melanoma cases identified 243 genes with a >2-fold differential expression ratio and a false discovery rate of <0.2 (206 up-regulated and 37 down-regulated). This set of genes included molecules involved in cell cycle and apoptosis regulation, epithelial-mesenchymal transition (EMT), signal transduction, nucleic acid binding and transcription, protein synthesis and degradation, metabolism, and a specific group of melanoma-and neural-related proteins. Validation of these expression data in an independent series of melanomas using tissue microarrays confirmed that the expression of a set of proteins included in the EMT group (N-cadherin, osteopontin, and SPARC/osteonectin) were significantly associated with metastasis development. Our results suggest that EMT-related genes contribute to the promotion of the metastatic phenotype in primary CMM by supporting specific adhesive, invasive, and migratory properties. These data give a better understanding of the biology of this aggressive tumor and may provide new prognostic and patient stratification markers in addition to potential therapeutic targets. [Cancer Res 2007;67(7):3450-60] 
Introduction
In primary cutaneous malignant melanoma (CMM) patients, it is essential to determine the molecular changes associated with metastasis and to apply this knowledge to the fields of outcome prediction and targeted treatment. This information will lead to a better understanding of the biology of this tumor, and will probably provide prognostic information for defining subgroups of patients with a less favorable prognosis as potential candidates for adjuvant or novel therapies.
Currently, the prognosis of primary CMM is mainly based on histopathologic criteria. The most important of these is the Breslow index, although it is merely a measure of tumor depth. New molecular markers that correlate with melanoma genesis and/or progression are continuously being identified but, to date, most of them have been obtained in experimental models and have not yet been confirmed in series of human samples.
The development of high-throughput screening techniques in genomics and proteomics has enabled the analysis of the expression of multiple genes and proteins in large series of tumor samples (1) and may contribute to the resolution of some specific issues of clinical relevance, such as identifying the steps for melanoma progression and metastasis. Until now, most studies characterizing CMM have been done using cell lines (2, 3) , mouse models (4), or metastatic tumor samples (2, 5) . However, data obtained from primary CMM samples are difficult to obtain, due in part to the lack of retrospective collections of frozen primary melanomas samples or adequate follow-up (5-7).
Molecular changes associated with the acquisition of metastatic capacity in vertical growth phase melanoma are still to be fully described. We might expect a repertoire of differentially expressed genes defining the metastatic phenotype for primary CMM cases. The present study aimed to investigate the metastasis signature in primary CMM. To this end, we compared the gene expression profile in a series of vertical growth phase primary CMMs that had developed metastatic disease with vertical growth phase CMM without metastatic disease by the end of follow-up. Our results confirm the multifactorial genesis of melanoma metastasis and identify the epithelial-mesenchymal transition (EMT) and the relation with the extracellular matrix as key steps in melanoma progression.
Materials and Methods
Patients and tissue samples. This study featured a series of 34 primary CMMs provided by the Hospital San Cecilio (Granada, Spain) and the Hospital 12 de Octubre (Madrid, Spain). Patients were recruited between 1990 and 2002 to ensure a minimum follow-up of 36 months. Samples were collected and frozen according to standard protocols, and their histology was reviewed by two pathologists (S.R.A. and J.L.R-P.) to confirm that they contained at least 50% tumor cells. All selected cases corresponded to consecutive melanoma tumors with potential metastatic capacity (i.e., vertical growth phase cases with a Breslow index >1 mm). The cutoff was selected taking into account the criteria of the American Joint Committee on Cancer by which thin melanomas (V1 mm) have an excellent prognosis (>90% survival at 5 years) compared with melanomas with a penetration depth of >1 mm (8) . Histologic review of the cases was done on paraffinembedded tissue, whereas frozen sections were examined for assessing the proportion of the tumoral cells and the character of the neoplastic infiltrate.
For tissue microarray (TMA) analysis, we used a retrospective cohort of patients representing 127 primary vertical growth phase melanoma cases ( formalin-fixed and paraffin-embedded tissue) collected from 1980 to 2000. These cases were obtained from the Hospital 12 de Octubre (Madrid) and were included in six separate TMAs (1.5-mm core diameter), with two representative duplicate cores for each case (9) , and constructed with a manual tissue arrayer (Beecher Instruments, Sun Prairie, WI) using a standard method (10) . Patient medical records were reviewed to gather information on age, gender, localization, tumor thickness, distant invasion (lymph node or skin), and follow-up of at least 36 months. Patients were not treated before the development of metastasis. The work was conducted in accordance with the Declaration of Helsinki Principles and under the supervision of the Hospital 12 de Octubre Ethics Committee.
RNA isolation and amplification. Total RNA was extracted from frozen samples of primary CMM using TRIzol reagent (Invitrogen, Carlsbad, CA) followed by purification with the RNeasy Mini kit (Qiagen Inc., Valencia, CA) and digestion with RNase free DNase I according to the manufacturer's instructions. RNA quality and integrity were verified using the Bioanalyzer system (Agilent Technologies, Palo Alto, CA). Double-stranded cDNA was synthesized from 5 Ag of total RNA using the Superscript Choice System for cDNA synthesis (Invitrogen) with an oligo-dT primer containing a T7 RNA polymerase promoter. In vitro transcription was carried out using the T7 Megascript in vitro transcription kit (Ambion, Austin, TX) as previously described (11, 12) . The quality of the amplified RNA produced was checked by electrophoresis and its concentration was measured.
Microarray procedures: preparation/synthesis of fluorescent cDNA and hybridization. For each melanoma sample, 5 Ag of amplified RNA (aRNA) were directly labeled with cyanine 3-conjugated dUTP (Cy3), whereas 5 Ag of aRNA from the Universal Human Reference RNA (Stratagene, La Jolla, CA) were labeled with cyanine 5-conjugated dUTP (Cy5). The Centro Nacional de Investigaciones Oncológicas (CNIO) OncoChip platform (v.1.4) was used in all cases to perform the cDNA microarray procedure. Basically, the CNIO OncoChip is a cDNA microarray especially designed for the analysis of genes involved in cancer. It includes 2,489 cancer-relevant genes in addition to genes involved in drug response, tissue-specific genes, and control genes. The platform used has a total of 6,386 genes represented by 7,237 human clones purchased from Research Genetics (Huntsville, AL). A list of these genes can be found online. 8 Sample hybridizations were done as described elsewhere (12) . After washing, the two fluorescent signals on the slides were scanned with a standard two-color microarray scanner (Scanarray 5000XL, GSI Lumonics, Kanata, Ontario, Canada). Images were analyzed with the GenePix 4.1 software (Axon Instruments, Inc., Union City, CA). The clone sequences of all the genes included in the OncoChip and the reproducibility of the expression data of multiple genes have been previously verified (12) .
Data extraction and analysis. Data from each hybridization were maintained in a database for analysis. Fluorescence intensity measurements were subjected to automatic background subtraction. The Cy3/Cy5 ratios were normalized to the value of the median ratio of all spots in the array. The sum of the median background for each channel was calculated, and spots with total intensities less than the calculated sum of median backgrounds were discarded. Additionally, spots with backgroundsubtracted signal intensities <500 fluorescence units (sum of the two channels) and bad spots were excluded from the analysis. All ratio values were log-transformed (base 2), and duplicated spots in the array were averaged. Inconsistent duplicates were discarded and all consistent duplicate spots and genes were averaged. In addition, genes for which fewer than 70% of the potential data were available were excluded from further analysis. The median expression of each gene was calculated for each patient group (metastatic and nonmetastatic primary CMM). Differences in expression between the two groups were analyzed by the Wilcoxon test. To account for the effect of multiple hypothesis testing on the identification of significance, adjusted P values were also computed using the method proposed by Hochberg and Benjamini (13) for controlling the falsediscovery rate (FDR). A single value for each gene was obtained. For our purposes, a gene was deemed to be up-regulated or down-regulated if there was an at least 2-fold difference in expression and if the FDR value was <0.2. The regulated genes were functionally classified manually on the basis of exhaustive searches in PubMed, the Genecards database, and Gene Ontology.
TMA immunohistochemistry. We undertook immunohistochemical analysis to identify at the protein level a selection of the statistically and biologically significant genes obtained in the cDNA microarray study. This was done in a TMA series of 127 vertical growth phase melanoma cases with known follow-up. The proteins selected for validation featured the group that proved to be biologically relevant in melanoma metastasis development, including glypican 3 (polyclonal, Santa Cruz Biotechnology, Santa Cruz, CA), N-cadherin (3B9, Zymed, San Francisco, CA), osteonectin/ SPARC (15G12, Novocastra, Newcastle, United Kingdom), osteopontin (polyclonal, Abcam, Novus Biologicals, Littleton, CO), and protein kinase Ca (PKCa; H7, Santa Cruz Biotechnology, Santa Cruz, CA). A heat-induced, epitope-retrieval step was done in a solution of sodium citrate buffer (pH 6.5) in the case of osteonectin/SPARC, osteopontin, and PKCa, and with EDTA buffer in the case of glypican 3 and N-cadherin. The slides were then heated for 2 min in a conventional pressure cooker and rinsed in cool running water for 5 min. They were then quickly washed in TBS (pH 7.4), and incubated with the selected primary antibodies glypican 3 (1:25), N-cadherin (1:10), osteonectin/SPARC (1:25), osteopontin (1:1500), and PKCa (1:25). Immunodetection was done with biotinylated secondary antibodies, followed by peroxidase-labeled streptavidin biotin (Dakocytomation, Glostrup, Denmark) visualization in the case of glypican, osteopontin, and PKCa and Envision (Dakocytomation) for N-cadherin and SPARC. Diaminobenzidine chromogen was used as peroxidase substrate. All immunostaining was done in a TechMate 500 automatic immunostaining device (DAKO, Glostrup, Denmark). Incubations omitting the specific antibody were used as a control of the technique. Scoring of the results and selection of the thresholds, internal controls for the antibody reactivity, and tissue controls for the series were done according previously published methods (9) . Scoring systems. Immunostaining results were evaluated by two different pathologists (S.R.A. and J.L.R-P.) and scored using clear cutoff criteria to facilitate the reproducibility of the method. Discrepancies were resolved by simultaneous reevaluation. Briefly, the result was recorded as positive or negative and high versus low expression, taking into account the expression in tumoral cells and the specific cutoff for each marker (see Table 1 for description of thresholds). As a general criterion, the cutoffs were selected to facilitate reproducibility and, when possible, to translate biological events. Scoring for the sample replicates was highly reproducible in this series (96%).
Statistical analysis. To validate protein expression in the series analyzed by TMA, the relationship between marker expression in the patient samples and disease-free survival (DFS) curves were derived by the KaplanMeier method. Statistical significance of associations between individual variables and DFS was determined using the log-rank test. Cox univariate 
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Results
Clinical features. The study included two sets of patients. The training set was composed of 34 patients (14 males and 20 females) with primary vertical growth phase CMM and >1 mm (Breslow index). After a median follow-up of 67.3 months (range 16-166 months), 21 developed metastasis (median 9.4 months, range 0.73-139).
The validation set of patients, analyzed by TMAs, included 127 patients (57 males and 70 females) with primary vertical growth phase CMM and a median age at diagnosis of 60 years (range 21-91 years). The median follow-up was 116.8 months (range 1-276.5 months), during which 73 patients developed metastatic disease and 54 did not (median 52.7 months, range 1-222). Figure 1 shows an outline of the study.
Global changes in gene expression between metastatic and nonmetastatic primary vertical growth phase CMM cases. To identify genes that might be potential markers for melanoma metastases, cDNA microarray studies were done to compare primary invasive CMM cases with and without metastatic disease.
From the 5,253 clones, corresponding to 2,945 known genes and 1,984 expressed-sequence tags that were suitable for analysis after filtering steps, 243 genes were differentially expressed (>2-fold, FDR<0.2) in primary vertical growth phase melanomas with metastases compared with primary nonmetastatic vertical growth phase melanomas. Of these, 206 genes were up-regulated and 37 genes were down-regulated (see Supplementary Table S1 for details). These genes were categorized according to their main biological function and/or mechanism of action. As seen in Table 2 , six biological process classes (cell cycle and apoptosis, EMT, immune modulation, metabolism, nucleic acid binding and transcription, protein synthesis and degradation, and signal transduction) were identified as relevant in our metastatic gene signature. A group of genes with unknown function was also identified (see Supplementary Data for details). Figure 2 shows the expression profile of the significant genes in the training series classified by these gene-functional categories.
Interestingly, one of the most important functional clusters recognized here as markers of metastatic melanoma included genes involved in EMT, a category that includes genes associated with cell adhesion, cell motility, migration, and extracellular matrix interaction and organization (Table 3 ). This cDNA microarray screening identified several genes involved in the EMT phenomenon (N-cadherin, SPARC, and WNT receptor frizzled) and the physical link between the actin cytoskeleton, the extracellular matrix (mainly mediated by receptors of the integrin family, such as integrin aV), and supporting vessels (endothelin receptor B). A substantial number of the genes in the metastatic signature could be included in a generic category named melanoma-and neural-related genes, which was created consistently with the neural origin of the melanocytes (Table 4) .
This series included two primary cases with metastatic disease samples whose expression profiles somewhat resembled those identified in the nonmetastatic group, in spite of not exhibiting differences in the Clark level or presence of ulceration, when compared with the rest of nonmetastatic cases. These two cases had in common the expression of the transforming growth factor h receptor II (TGFBR2), a signal transduction protein whose mutations have been associated with tumor progression in some solid tumors (14) . Moreover, case mel-08 had altered cell cycle and apoptosis regulator genes with a demonstrated role in melanoma (15) , and meningioma progression (16) .
Validation of gene expression results by immunohistochemistry on TMAs. To corroborate the gene expression data and to identify in situ the cells expressing the various markers, immunohistochemical studies of an independent series of primary vertical growth phase CMMs were done using TMAs. The relevance and intensity in the changes of expression in genes linked with EMT in the training series led us to concentrate on validating some significantly up-regulated proteins (>2-fold change and FDR<0.2) in this category (N-cadherin, osteonectin/SPARC, and PKCa). Prompted by a literature search and the nearly significant results reported here, we also studied glypican 3, which has recently been described as a novel tumor marker for melanoma (17) , and osteopontin, a protein belonging to this EMT group that has a crucial role in melanoma (18, 19) and seems to be diagnostically useful in the detection of mesothelioma in serum obtained from peripheral blood (20) . Figure 3 shows the results of the univariate analyses of selected proteins and representative immunohistochemistry for N-cadherin, osteonectin/SPARC, and osteopontin, which were the statistically significant markers. These results are closely consistent with the cDNA microarray data.
Immunostaining for these proteins confirmed that they were expressed by tumoral melanoma cells. The adhesion molecule Ncadherin was found with a membrane and cytoplasmic pattern. Osteonectin (SPARC) was recognized in tumoral melanocytes and in endothelial vessels close to the tumor, as described in other neoplasms (21, 22) . Osteopontin is an acidic matrix protein (bone syaloprotein) commonly localized within normal elastic fibers of the skin and secreted by many transformed cells. Immunolocalization of this protein in our melanoma cases was found in tumoral cells and also in the stroma (see Fig. 3B ). As shown in the table in Fig. 3A , the expression of these three proteins was significantly associated with an increased incidence of melanoma metastases [P = 0.013 for N-cadherin; P = 0.006 for osteonectin (SPARC); P = 0.05 for osteopontin], thereby confirming its potential prognostic value in CMM.
PKCa, a protein involved in melanoma progression (23) , was also expressed in the cytoplasm of tumoral cells, as previously described (24), but the univariate study failed to show any significant association with tumor progression in this series. However, the multivariate analysis including N-cadherin, osteopontin, osteonectin, PKCa, and Breslow index showed that only PKCa was independent of the Breslow index (Table 5 ).
Discussion
The findings reported here confirm microarray data previously obtained in cell lines (e.g., lumican; ref.
3) or in other experimental (25) , PKCa (26) , and seem to imply that the metastatic melanoma signature in human samples is recognized by the increased expression of clusters of genes involved in the control of EMT, cell cycle and apoptosis, immune response, metabolism, transcription regulation, protein synthesis and degradation, and signal transduction.
In accordance with the results obtained, we have focused our attention on the validation step in the EMT because a large and highly significant group of up-regulated genes were members of this functional cluster. EMT is the process by which an epithelial cell suffers transitory changes in cell structure and becomes a more motile mesenchymal cell with migratory and invasive properties (27) . As a result, cell-cell junctions are altered; cells lose polarity, express mesenchymal markers, and the actin cytoskeleton becomes reorganized. Consequently, tumoral cells lose contact with neighboring cells, become motile, and interact with extracellular matrix, invading surrounding territories and acquiring capacity for metastasis. The relevance of the EMT signature to the origin of metastasis is not restricted to melanoma, and has been identified as a determinant of local invasion and metastasis in other tumor types, such as breast (28) , gastrointestinal, or prostate carcinomas (29) , among others.
The present results suggest that migration and invasion in melanoma are the result of a specific interaction between tumoral and stromal cells (30, 31) associated with the expression of a set of molecules involved in EMT (31) . Thus, the study reveals N-cadherin, lumican, glypican, osteonectin (SPARC), osteopontin, metalloproteinases, and integrins, among others, as being involved in the melanoma metastatic process. Although it is difficult to verify EMT experimentally in vivo due to the reversible nature of the process, expression profiling identifies a molecular signature linked with this phenomenon. Moreover, the immunohistochemical studies of N-cadherin, osteopontin, glypican 3, osteonectin (SPARC), and PKCa validate the data presented and confirm that at least these components of the EMT signature are expressed by the melanoma cells themselves.
One of most remarkable findings of this study is the presence of what has been called the switch of the cadherin class: loss of epithelial cadherins (E-cadherin) with gain of neural cadherins (N-cadherin). Cadherins are calcium-dependent, cell-adhesion molecules that are critical for the development and maintenance of epithelial architecture. As described in carcinoma models, N-cadherin is a crucial molecule in the EMT event, acting as an oncogene in many tumors by promoting tumor invasiveness and progression (32) . In our study, increased N-cadherin was matched by loss of cadherin 10 expression, a type II cadherin with nearequivalent binding strength to that of E-cadherin (33) as described previously in cell line models (34, 35) and in desmoplastic melanoma (36) . Although melanoma cells are not epithelial in nature, the EMT for this tumor is well recognized and the relevance of the cadherin switch has been previously supported by experimental approaches, demonstrating that melanoma cell lines transfected with N-cadherin are morphologically transformed from an epithelial-like shape to a fibroblast-like shape; by contrast, adenoviral reexpression of E-cadherin in melanoma cells downregulates endogenous N-cadherin and reduces their malignant potential (37) . The present study not only confirms the role of N-cadherin in melanoma progression but also shows for the first time how gain of N-cadherin and loss of class II type cadherin can facilitate metastatic dissemination in human primary CMM samples.
Osteonectin (SPARC or BM40) is a secreted extracellular matrix glycoprotein involved in tumor cell migration, invasion, and angiogenesis (38) . Data presented here are consistent with previous reports of SPARC overexpression as a marker of aggressiveness or local invasion in CMM (39, 40) .
Osteopontin is a secreted phosphoprotein with a crucial role in tumor progression and metastasis in many kinds of tumors, including melanoma (19) . It promotes antiapoptotic signaling and angiogenesis and induces matrix metalloproteinases (MMP; ref. 18 ). Osteopontin expression may be acquired in the early stages of melanoma invasion, with moderate to high levels in primary invasive and metastatic melanoma samples and null or low levels of expression in benign nevi, dysplastic nevi, or in situ melanoma (19) . Here, cytoplasmic osteopontin expression in invasive melanomas was associated with metastatic disease, mimicking previous experimental models in which osteopontin allowed murine melanocytes to adhere, spread, and survive in three-dimensional collagen gels (41) .
The serine/threonine kinase PKCa is a protein with a wellrecognized role in regulating cell growth and progression (42) . Melanocytes and melanoma cells express several PKC isoforms, with proposed roles in melanoma genesis, invasion, and metastasis through the WNT signaling pathway or by regulating integrin molecule expression of integrin. The specific role of PKCa in CMM has been a controversial issue, with some results suggesting that PKCa and PKCy isoforms suppress cell growth, whereas others imply its involvement in cell motility (42, 43) or in metastasis promotion (44) . Expression profiling data in this series identifies PKCa as one of the genes up-regulated in melanoma with metastasis, and the multivariate analysis showed that it is Breslow independent, implying that there is a relationship between tumor growth and proliferation. This awaits further investigation. Lumican, the most highly up-regulated gene in melanoma cases with metastasis, is a proteoglycan of the extracellular matrix involved in collagen-fiber organization, epithelial-cell migration, and tissue repair. Lumican is an established EMT marker (45) whose protein expression level is associated with tumorigenesis and progression in a variety of tumors (46, 47) . Data presented here are also consistent with those obtained from the comparison of normal melanocytes with melanoma cell strains from advanced lesions (3).
Cell-matrix interactions are closely related to EMT category. The integrins are a family of cell surface adhesion molecules that coordinate cell-cell and cell-matrix interactions. This study identified up-regulation of integrin aV (ITGAV ) as a marker of melanoma metastases, confirming a previous report (48) . Closely related are the MMP family of proteins, which are involved in the breakdown of the extracellular matrix in normal physiologic processes and in cancer invasion and metastasis. Here, MMP2 (which degrades type IV collagen) and ADAM9 (disintegrin and metalloproteinase domain 9) are associated with melanoma progression, confirming previous findings regarding invasion (49) .
Two of the metastatic cases analyzed here (mel-08 and mel-09) displayed a nonmetastatic phenotype, with the exception of the increased expression of TGFBR2, p21 (CDKN1A), or ENC1. It is known that melanoma and endothelial cells express type 2 TGF-h receptor (50) , which can enhance adhesion of melanoma cells to endothelium and favor invasion through activation of the TGF-h pathway. In the same way, p21 overexpression has been proposed as a marker of melanoma progression (9) . The specific relevance of each functional cluster of genes, as identified here, requires further study, both in human samples and experimental models.
Interestingly, the multivariate study showed that three of the protein markers analyzed in TMA were associated with local invasion and metastasis, thereby linking the two phenomena. Overall, our results lead us to propose that metastasis in melanoma is determined by the interaction of sets of molecules involved in the regulation of EMT immune response, cell metabolism, nucleic acid binding and transcription, protein synthesis and degradation, and signal transduction. Moreover, validation of protein expression in TMA confirms how some of the up-regulated genes are predictors of metastasis development. Taking all our results into consideration, it seems that the control of the EMT plays a pivotal role in the metastatic process in melanoma. This confirms and builds on findings linking EMT genes with melanoma progression obtained in experimental models and human samples studies, such as cadherins, MMPs, integrins, lumican, osteopontin, EDNRB, Snail, and others (6, 49) .
